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The longitudinal and transverse components of the cross section for the ep→ e′pρ0 reaction were
measured in Hall B at Jefferson Laboratory using the CLAS detector. The data were taken with a
4.247 GeV electron beam and were analyzed in a range of xB from 0.2 to 0.6 and of Q
2 from 1.5 to
3.0 GeV2. The data are compared to a Regge model based on effective hadronic degrees of freedom
and to a calculation based on Generalized Parton Distributions. It is found that the transverse part
of the cross section is well described by the former approach while the longitudinal part can be
reproduced by the latter.
PACS numbers: 13.60.Fz, 12.38.Bx, 13.60.Le
Understanding the precise nature of the confinement
of quarks and gluons inside hadrons has been an on-
going problem since the advent, about 30 years ago,
of the theory that governs their interactions, quantum
chromodynamics (QCD). In particular, the transition be-
tween the high energy (small distance) domain, where
quarks are quasi-free, and the low energy (large distance)
regime, where they form bound states and are confined
in hadrons, is still not well understood.
The analysis of elementary processes, such as the ex-
clusive electroproduction of a meson or a photon on the
nucleon in the few GeV range, allows one to study this
transition. In the case of exclusive meson electroproduc-
tion, the longitudinal and transverse polarizations of the
(virtual) photon mediating the interaction provide two
qualitatively different pieces of information about the nu-
cleon structure.
Longitudinal photons, whose transverse size is in-
versely proportional to their virtuality, truly act as a
microscope. At sufficiently large Q2, small distances
are probed, and the asymptotic freedom of QCD justi-
fies the understanding of the process in terms of par-
tonic degrees of freedom and the use of perturbative
QCD (pQCD) techniques. In particular, it has been
recently shown [1, 2] that the non-perturbative infor-
mation can be factorized in reactions such as exclusive
vector meson electroproduction. Here the process can
be described in terms of perturbative quark or gluon
exchanges whose momentum, flavor, and spin distribu-
tions inside the nucleon are parametrized in terms of
the recently introduced Generalized Parton Distributions
(GPD’s) [3, 4, 5]. This is the so-called “handbag” dia-
gram mechanism which is depicted in Fig. 1 (right dia-
gram). At higher γ∗p center-of-mass energies, W , than
considered in this letter, 2-gluon exchange processes also
intervene [2, 6]. At low virtuality, Q2, of the photon,
hadronic degrees of freedom are more relevant and, above
the nucleon resonance region, the process is adequately
described in terms of meson exchanges (Fig. 1, left dia-
gram).
For transverse photons, however, this description in
terms of quarks and gluons is not valid. A factorization
into a hard and soft part does not hold [1, 2] and even at
large Q2, there is no dominance of a “handbag” mecha-
nism as in Fig. 1. “Soft” (non-perturbative) and “hard”
(perturbative) physics compete over a wider range of
Q2, and in practice it is necessary to take into account
non-perturbative effects using hadron degrees of freedom.
In order to access the fundamental partonic information
when studying meson electroproduction processes, it is
therefore highly desirable to isolate the longitudinal part
of the cross section, which lends itself, at least at suffi-
ciently high Q2, to pQCD techniques and interpretation.
In this approach, however, several questions remain to be
answered. What is the lowest Q2 where a perturbative
treatment is valid? What corrections need to be applied
3to extend its validity to lower Q2 ?
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FIG. 1: The mechanisms for ρ0 electroproduction at interme-
diate energies: at low Q2 (left diagram) through the exchange
of mesons, and at high Q2 (right diagram) through the quark
exchange “handbag” mechanism (valid for longitudinal pho-
tons) where H and E are the unpolarized GPD’s.
The aim of this letter is to address these questions
using the recent measurement of the longitudinal and
transverse cross sections of the ep→ e′pρ0 reaction, car-
ried out at Jefferson Laboratory using the CEBAF Large
Acceptance Spectrometer (CLAS) [7] in Hall B. This el-
ementary process is one of the exclusive reactions on the
nucleon which has the highest cross section, and for which
the extraction of the longitudinal and transverse parts of
the cross section can be accomplished using the ρ0 decay
angular distribution. On the theoretical side, formalisms
and numerical estimates for both hadronic and partonic
descriptions of the reaction have been developed, which
can be compared to the transverse and longitudinal com-
ponents of the cross section, respectively.
In the following, we will present the analysis results of
the ep → e′pρ0 reaction. Data were taken with an elec-
tron beam energy of 4.247 GeV impinging on an unpo-
larized liquid-hydrogen target. The integrated luminosity
of this data set was about 1.5 fb−1. The kinematic do-
main of the selected sample corresponds to Q2 from 1.5
GeV2 to 3.0 GeV2. We analyzed data forW greater than
1.75 GeV, which corresponds to a range of xB from 0.21
to 0.62. Our final data sample included about 2 × 104
e′pπ+π− events.
The ρ0 meson decay to π+π− was used to identify the
reaction of interest. We identified the ep → e′pπ+π−
reaction using the missing mass technique by detect-
ing the scattered electron, the recoil proton, and the
positive pion. The electron was identified as a nega-
tive track with reconstructed energy deposition in the
calorimeter which was consistent with the momenta de-
termined from magnetic analysis, in combination with a
signal in the Cerenkov counter. The proton and pion were
identified as positive tracks, whose combination of flight
times and momenta corresponded to their mass. Figure 2
(left plot) shows a typical missing mass distribution for
ep → e′pπ+X events. Events were selected by the miss-
ing mass cut -0.03 < M2X < 0.06 GeV
2, consistent with
a missing π−. Fig. 2 (center) shows the resulting π+π−
invariant mass spectrum. The ρ0 peak is clearly visible,
sitting on a large non-resonant π+π− background.
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FIG. 2: Left plot: an example of a squared missing mass
M2X(ep → e
′ppi+X) spectrum (for a scattered electron mo-
mentum between 1.9 and 2.2 GeV). Points with error bars
show the experimental data and the solid lines represent
the results of simulations for the channels e′ppi+pi− (dashed
line), e′ppi+pi−pi0 (dotted line) and the sum of the two (solid
line). The vertical dashed line is located at the missing
mass squared of a pion. Central and right plots: an ex-
ample of the pi+pi− and ppi+ invariant masses, respectively
(for the interval 1.63 < Q2 < 1.76 GeV2 and 0.28 < xB <
0.35). Points with error bars show the experimental data
and the lines correspond to the results of fits for the channels
ep → e′pρ0 (dashed line), ep → e′∆++pi− (dash-dotted line),
non-resonant ep→ e′ppi+pi− (dotted line) and the sum of the
three processes (solid line).
The unpolarized ep → e′pπ+π− reaction is fully de-
fined by seven independent kinematical variables which
we have chosen as: Q2 and xB , which define the virtual
photon kinematics; t, the invariant squared momentum
transfer between the virtual photon and the final pion
pair (i.e. the ρ0 meson when this particle is produced);
Mpi+pi− , the invariant mass of the π
+π− system; θhel
and φhel, the π
+ decay angles in the π+π− rest frame;
and Φ, the azimuthal angle between the hadronic and
leptonic planes. The CLAS acceptance and efficiency
were calculated for each of these 7-dimensional bins using
a GEANT-based simulation of several hundred million
events. The event distributions were generated accord-
ing to Ref. [8], which includes the three main contribu-
tions above the resonance region to the e′pπ+π− final
state: diffractive ep → e′pρ0, t-channel ep → e′∆++π−,
and non-resonant (phase space) ep→ e′pπ+π−. Each of
these contributions to the event generator was matched
to the world’s data on differential and total cross sec-
tions, and then extrapolated to our kinematical domain.
We were then able to extract a total cross section for the
ep → e′pπ+π− channel in good agreement with world’s
4data where the kinematics overlapped. The event gener-
ator also includes radiative effects following the Mo and
Tsai prescription [9] so that radiative corrections could
be applied in each (Q2, xB) bin.
The main difficulty in determining the ρ0 yield stems
from its large width (Γρ0 ∼ 150 MeV), which does not
allow for a unique determination of the separate con-
tributions due to the resonant ρ0 production and non-
resonant π+π− pairs. We simultaneously fitted the two 3-
fold differential cross sections d3σ/dQ2dxBdMpi+pi− and
d3σ/dQ2dxBdMppi+ to determine the weight of the three
channels mentioned earlier, leading to the e′pπ+π− final
state (see Fig. 2, central and right plots). The mass spec-
tra of the ρ0 and ∆++ are generated according to stan-
dard Breit-Wigner distributions and the non-resonant
pπ+π− final state according to phase space. This back-
ground estimation procedure, along with the CLAS ac-
ceptance modeling, is one of the dominant sources of sys-
tematic uncertainty which, in total, ranges from 10% to
25%. More sophisticated shapes for the ρ0 mass spectra
were also investigated but led to consistent numbers of
ρ0’s within these error bars.
The final step of the analysis consisted in separat-
ing the longitudinal and the transverse parts of the
ep → e′pρ0 cross section. The determination of these
two contributions was accomplished under the assump-
tion of s-channel helicity conservation (SCHC) [10]. This
hypothesis states, in simple terms, that the helicity of the
virtual photon is directly transferred to the vector meson.
The SCHC hypothesis originates from the vector meson
dominance model which identifies vector meson electro-
magnetic production as an elastic process without spin
transfer.
The validity of the SCHC hypothesis, which is only
applicable at small momentum transfer t, can be tested
experimentally through the analysis of the azimuthal an-
gular distribution. We found that the r041−1 ρ
0 decay ma-
trix element [11], which can be extracted from the φhel
dependence, was compatible with zero at the 1.7 sigma
level. We also found that the σTT and σTL cross sec-
tions, which can be extracted from the Φ dependence,
were, respectively, 10.6% ± 11.8% and 0.4% ± 5.4% of
the total cross section. They are therefore consistent with
zero, as they should be if SCHC is valid and, in any
case, don’t represent potential large violations of SCHC.
Let’s also note that all previous experiments on electro-
magnetic production of ρ0 on the nucleon are consistent
with the dominance of s-channel helicity conserving am-
plitudes (the helicity-flip amplitudes which have been re-
ported [12, 13, 14, 15] never exceeded 10-20% of the he-
licity non-flip amplitudes). We can therefore safely rely
on SCHC for our analysis.
The decay angular distribution of the π+ in the ρ0 rest
frame can be written as [11]:
W (cos θhel) =
3
4
[
1− r0400 + (3r
04
00 − 1) cos
2 θhel
]
, (1)
where r0400 represents the degree of longitudinal polariza-
tion of the ρ meson. Under the assumption of SCHC, the
ratio of longitudinal to transverse cross sections is:
Rρ =
σL
σT
=
1
ǫ
r0400
1− r0400
, (2)
where ǫ is the virtual photon transverse polarization. r0400
was extracted from the fit of the background-subtracted
cos θhel distributions following Eq. 1 as illustrated in the
insert in Fig. 3, and was used in Eq. 2 to determine Rρ.
Due to limited statistics in the CLAS data, this proce-
dure could be performed only for the twoQ2 points which
are shown on Fig. 3 and where our points are found to
be compatible with the existing world’s data. We then
have fitted the Q2 dependence of Rρ including, in order
to take into account a potential W dependence of the
ratio R, only the world’s data in the W domain close to
ours (W ≈ 2.1 GeV) [12, 16]. The following parametriza-
tion, whose power form is motivated by the perturbative
PQCD prediction that σT is power suppressed with re-
spect to σL, was found :
Rρ = 0.75± 0.08× (Q
2)1.09±0.14. (3)
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FIG. 3: The ratio R= σL/σT as a function of Q
2 for ρ0 meson
electroproduction on the nucleon. The other data are from
[12, 13, 14, 15, 16, 17, 18, 19, 20]. The insert shows one of
our cos θhel distributions with a fit to determine r
04
00 .
It is customary to define the reduced cross section for ρ
meson production as the electroproduction cross section
divided by the flux of virtual photons :
σT + ǫσL =
1
ΓV (Q2, xB)
×
d2σep
dQ2dxB
, (4)
where the virtual photon flux is given by :
ΓV (Q
2, xB) =
α
8π
Q2
M2pE
2
e
1− xB
x3B
1
1− ǫ
. (5)
In this notation, and in Fig. 4, the longitudinal and trans-
verse σT and σL cross sections are integrated over t, Φ,
5θhel, and φhel. The t dependence of σT + ǫσL can be
parametrized by e−b|t−tmin| (−tmin < −t < 1 GeV
2),
where −tmin is the smallest value of momentum transfer
for a given kinematic bin. We measured the exponential
slope b to range from 1.19 to 1.74 GeV−2 for xB between
0.31 and 0.52.
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FIG. 4: Cross sections σL (left) and σT (right) for ep →
e′pρ0 as a function of Q2 as measured in this experiment.
The dotted line represents the Regge model of Refs. [21, 22]
while the solid line describes the GPD model of Refs. [6, 23].
The systematic error is indicated by the shaded zones at the
bottom of the plots.
The longitudinal and transverse cross sections are plot-
ted in Fig. 4 as a function of Q2 for four bins centered at
xB of 0.31, 0.38, 0.48, and 0.52. These values correspond
to W values of 2.2, 2.0, 1.9, and 1.85 GeV, respectively.
The data are compared to two theoretical approaches.
The first one is based on hadronic degrees of freedom
with meson Regge trajectory exchanges in the t-channel
(as illustrated in Fig. 1, left graph). This approach has
been successful in describing, with very few free parame-
ters, essentially all of the available observables of a series
of forward exclusive reactions in photo- and electropro-
duction of pseudoscalar mesons (π0,±, K+ [24], η, η′ [25])
above the resonance region. For the ρ0, ω, φ vector
mesons, as well as for Compton scattering, such an ap-
proach has been recently developed in Refs. [21, 22, 26].
In the case of ρ0 electroproduction, the contributing me-
son trajectories are the σ, f2, and Pomeron, the latter
being negligible in the W region investigated in this ex-
periment. This Regge model was normalized by adjusting
the σ and f2 meson-nucleon couplings to reproduce ex-
isting photoproduction data (see for instance, Refs. [27]).
There is little freedom in the choice of parameters when
one uses data from all three ρ0, ω, and φ channels, which
together constrain all photoproduction parameters. The
only remaining free parameters for the electroproduction
case are the squared mass scales of the meson monopole
form factors at the electromagnetic vertices for the dia-
grams of Fig. 1 (left plot). They have been determined
from the Q2 dependence of the world’s data, in particular
from the Cornell [16] and HERMES [28] experiments, to
be approximatively 0.5 GeV2, in accordance with known
meson form factor mass scales.
As shown in Fig. 4, this Regge model provides a fair
description of the transverse and longitudinal cross sec-
tions. There is some discrepancy at large values of xB ,
but at those values some s-channel nucleonic resonances
decaying into ρ0p may contribute, a process which is
not taken into account in this Regge t-channel approach,
and might explain the missing strength in this particular
kinematical domain. The calculation was also done for
the Cornell [16] and HERMES [28] data, where, general
agreement is found as well (the longitudinal cross section
is also overestimated as one goes to smaller xB , as in our
xB= 0.31 bin).
We now turn to the handbag diagram approach (Fig. 1,
right plot), which is based on the QCD factorization be-
tween a “hard” process (the interaction between a quark
of the nucleon and the virtual photon, along with a one-
gluon exchange for the formation of the final meson) and
a “soft” process (the parametrization of the partonic
structure of the nucleon in terms of GPD’s). As men-
tioned in the introduction, this approach is only valid
at sufficiently large Q2 when the longitudinal cross sec-
tion dominates the QCD expansion in powers of 1/Q2.
Unfortunately, the value of Q2 at which the “handbag”
mechanism becomes valid is unknown, and especially for
meson electroproduction, it must be determined experi-
mentally.
In the case of ρ0 production, only the unpolarized
GPD’s H and E contribute to the amplitude of the reac-
tion. In the calculation, shown in Fig. 4, we neglect the
contribution due to the GPD E because it is proportional
to the 4-momentum transfer between the incoming vir-
tual photon and the outgoing meson, and our data cover
small momentum transfers. For the GPD H we use the
parametrization of Refs. [6, 23]. The other ingredient en-
tering the (leading order) calculation of the handbag dia-
gram is the treatment of the strong coupling constant αs
between the quarks and the gluon. It has been “frozen”
to a value of 0.56, as determined by QCD sum rules [29].
The freezing of the strong coupling constant αs is an ef-
fective way to average out non-perturbative effects at low
Q2 and is supported by jet-shape analysis of the infrared
coupling [30].
As mentioned earlier, the handbag diagram calculation
can only be compared with the longitudinal part of the
cross section. Figure 4 shows a good agreement between
the calculation and the data at the low xB values. As
for the Regge model discussed above, the two highest xB
bins might contain some additional nucleonic resonance
“contamination”, which are not included in the “hand-
bag” approach. Variations in reasonable ranges of the
parameters entering the GPD’s were studied, and results
were found to be stable at the 50% level. This provides
6confidence in the stability, reliability, and validity of the
calculation based on the prescription of a “frozen” αs.
Let us also note that this calculation reproduces reason-
ably well the HERMES data [28], which were taken at
neighboring kinematics.
A signature of the handbag mechanism is that, inde-
pendent of any particular GPD parametrization adopted,
the (reduced) cross sections should follow a 1/Q6 depen-
dence at fixed t and xB . In this analysis, due to the lack
of statistics, σL is integrated over t, which means that it
is proportional to tmin, this latter variable changing as
a function of Q2. This 1/Q6 scaling behavior at fixed t
and xB can therefore not be directly observed in our data,
which is modified by the (trivial) kinematical Q2 depen-
dence of tmin. Nevertheless, agreement between the data
and the GPD calculation, which also contains this trivial
tmin dependence, should be interpreted as confirmation
of the leading order prediction based on the “handbag”
diagram.
In conclusion, we have presented here a first explo-
ration of exclusive vector meson electroproduction on the
nucleon in a region of Q2 between 1.5 and 3.0 GeV2
and xB between 0.2 and 0.6, which is a kinematical
domain barely explored. The Regge model, based on
“economical” hadronic degrees of freedom, is able to de-
scribe the transverse cross section data, along with the
other existing vector meson photo- and electroproduc-
tion data. Furthermore, the more fundamental “hand-
bag” approach, with a standard parametrization of the
GPD H and the extrapolation to low Q2 by an effective
freezing of αs, provides a fair description of the longitu-
dinal part of the cross section. Therefore it seems pos-
sible to understand the longitudinal part of the ρ meson
production cross section in a pQCD framework, which
potentially gives access to GPD’s. The transverse cross
section, on the other hand, for which no factorization be-
tween soft and hard physics exists, can be described in
terms of meson exchanges. These tentative conclusions
need of course to be confirmed by a more extensive and
thorough exploration of the xB, Q
2 phase space which is
currently under way with a much larger data set [31].
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